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Clinical and preclinical in vivo immune cell imaging ap- 
proaches have been used to study immune cell proliferation, 
apoptosis and interaction at the microscopic (intra-vital 
imaging) and macroscopic (whole-body imaging) level by use 
of ex vivo or in vivo labeling method. A series of imaging 
techniques ranging from non-radiation based techniques 
such as optical imaging, MRI, and ultrasound to radiation 
based CT/nuclear imaging can be used for in vivo immune 
cell tracking. These imaging modalities highlight the intrinsic 
behavior of different immune cell populations in physiological 
context. Fluorescent, radioactive or paramagnetic probes 
can be used in direct labeling protocols to monitor the specif- 
ic cell population. Reporter genes can also be used for genet- 
ic, indirect labeling protocols to track the fate of a given cell 
subpopulation in vivo. In this review, we summarized several 
methods dealing with dendritic cell, macrophage, and T lym- 
phocyte specifically labeled for different macroscopic whole- 
body imaging techniques both for the study of their physio- 
logical function and in the context of immunotherapy to ex- 
ploit imaging-derived information and immune-based treat- 
ments. 

[Immune Network 2012;12(6):223-229] 



INTRODUCTION 

Recent advances in molecular imaging allow us to visualize 
cellular and subcellular process within living subjects at the 
molecular level as well as at the anatomical level (1). In a 
narrow meaning, molecular imaging implies molecular-genet- 
ic imaging for visualizing cellular processes by combination 
of molecular biology and biomedical imaging. This marvelous 
technique provides research attention not only in molecular 
cell biology but also in related fields, such as genetics, phar- 
macology, chemistry, physics, engineering and medicine. 

Especially, the development of controlled gene delivery 
and gene expression vector systems promotes to generate 
various types of reporter genes for visualization such as fluo- 
rescent and bioluminescent proteins (2-5). Conventionally, a 
recombinant plasmid, which contains a reporter gene, has 
been used to monitor cells by assaying reporter gene ex- 
pression. By using constitutive promoters, it is possible to 
monitor cell survival and localization in vivo. Similarly, by us- 
ing cell/tissue-specific promoter or inducible promoter, it is 
possible to visualize long term monitoring of cell fate such 
as differentiation. However, this method cannot be used di- 
rectly in in vivo imaging because the insertion of the reporter 
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gene demands genetic modification and the invariable light 
intensity from reporter proteins was not enough to be vi- 
sualized for non-invasive whole animal imaging. For this rea- 
son, different methods are required for monitoring viable cells 
in vivo. Accumulation of specific imaging signal for amplify- 
ing its intensity makes it possible to visualize the localization, 
quantification, and repetitive determination of cells (6,7), but 
more effective strategies have been tried to answer the ques- 
tions for monitoring in vivo by recruiting methods from ra- 
dio-pharmaceutics and physics. Radiolabeled small com- 
pounds and paramagnetic probes were developed for imag- 
ing specific proteins and magnetic signals, accelerating non- 
invasive molecular imaging (8,9). In recent publications, 
these strategies have been reviewed by researchers for in- 



troducing the concept of molecular imaging (10-12). 

The development of molecular imaging technologies has 
been facilitated by associated development of imaging instru- 
ments as well as imaging materials such as imaging enhance- 
ment agents, probes, ligands and reporter constructs. In clin- 
ical practice, in vivo imaging is based on the use of computed 
tomography (CT), positron emission tomography (PET), single 
photon emission computed tomography (SPECT), magnetic 
resonance imaging (MRI), and ultrasound (US) techniques. 

Small animal models have a great advantage in disease 
studies that are difficult, or impossible, to perform in humans. 
Repetitive observation is a virtue of non invasive small animal 
imaging, and provides information of a spatial and a temporal 
dimension in disease development and progression. Multiple 



Table I. Characteristics of imaging modalities 



Imaging 
modality 


Spectrum used 


Spatial 
resolution 


Temporal 
resolution 


Depth 


Sensitivity 
(mole/L) 




Probe 
amount 


Cost 


FLI* 


Visible light 


2 — 3 i-im 


sec — min 


< 1 cm 


10~ 9 ~10~ 


12 


Ug~mg 


$ 


BLI* 


Visible light 


3 — 5 urn 


sec — mi n 


1 —2 cm 


10~ 15 ~10~ 


17 


(ig~mg 


$$ 


MRI 


Radiowaves 


25-100 ,um 


min~hr 


No limit 


10~ 3 ~10~ 


5 


V g~mg 


$$$ 


US 


High frequency, sound 


50~500^m 


sec — min 


mm -cm 






//g~mg 


$ 


CT 


X-rays 


50-200 urn 


min 


No limit 




12 




$ 


PET 


High energy y -rays 


1 —2 mm 


10 sec — min 


No limit 


10~ 11 ~10~ 


ng 


$$$ 


SPECT 


Low energy y -rays 


1 —2 mm 


min 


No limit 


10~ 10 ~10~ 


1 1 


ng 


$$$ 
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Figure 1. Molecular imaging techni- 
ques for disease diagnosis and eval- 
uation of therapeutic efficacy. 
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imaging modalities including CT, PET, SPECT, MR, US, and 
various optical techniques using fluorescence imaging (FLI) 
and bioluminescence imaging (BLI) are also available for 
small animal imaging (13,14). Because each modality has its 
unique advantages and disadvantages (Table I), advances in 
imaging technology have been developed to generate com- 
bined imaging modalities, such as PET/CT, SPECT/ CT, and 
PET/MR (15). Using the newly developed instrumental merg- 
ing techniques, more precise localization information of ana- 
tomical and molecular activity can be acquired in a single 
imaging session (16). The advantages of multimodal ap- 
proaches to molecular imaging provide better images for 
visualizing cellular, functional, and morphological changes 
(Fig. 1). 

The above techniques are mostly macroscopic whole body 
imaging. For microscopic imaging, fluorescence based intra- 
vital multiphoton microscopic imaging has been used to visu- 
alize cell morphology, distribution, and interaction with high- 
er solution in living organism (17,18). Multiphoton micro- 
scopy utilizes pairs of photons with a higher wavelength 
more efficiently than classic confocal microscopy in the de- 
tection of inner fluorescent signals thanks to their high pene- 
tration through tissue. However, the tissue of interest in living 
animals was usually exposed to implanted transparent cham- 
bers on their skin for multiphoton microscopy. For this rea- 
son, this method is limited by a field of view and its proce- 
dure is very invasive. Therefore, this review will cover only 
macroscopic imaging. 

Though significant challenges still remain to be overcome 
when we compare the image of a small animal model with 
a human, which comes from different size (20 g of body 
weight for a mouse vs. 70 kg for a human) and physiology 
(approximately 1.5 ml of total blood volume in a mouse vs. 
5,000 ml in a human; 730/min for heart rate in a mouse vs. 
75/min in a human) (19), but animal models still provide a 
unique source of in vivo information and the predictable link 
between in vitro studies and human patients. An important 
advantage of in vivo imaging is that it allows the same ani- 
mals to be examined repeatedly at different time points, 
thereby decreasing the variability in the animal population 
and reducing the number of animals required. 

LABELING STRATEGIES FOR IMMUNE CELL 
TRACKING 

Despite advances in both the diagnostic and therapeutic use 



of molecular imaging, the detection and the tracking of im- 
mune cells still constitute major challenges. In vivo immune 
cell imaging depends on the ability of the cells to generate 
a detectable signal and different cells have to be labeled with 
different kinds of marker using ex vivo or in vivo labeling 
methods (Fig. 2). 

Labeling strategies can be divided into two classes: direct 
and indirect. Direct labeling involves the use of probes that 
are internalized by the immune cells, while indirect labeling 
requires genetic modification, which results in the expression 
of detectable reporter protein or enzymatic reaction for imag- 
ing (Fig. 3). 

For direct labeling, immune cells are harvested, labeled ex 
vivo with probes such as fluorophores, radiotracers or para- 
magnetic nanoparticles and then reinfused, allowing them to 
be visualized by FLI, PET/SPECT and, MRI respectively. The 
great advantage of direct labeling is the simple procedure; la- 
beling probes bind to a specific target or penetrate the cell 
membrane easily. Particularly, several labeling probes are al- 
ready approved for clinical use such as paramagnetic nano- 
particles (MNPs) for MRI. This strategy, however, has major 
drawbacks. First, the level of labeling depends on the label 
retaining ability of cells. Second, this technique is only useful 
for the in vivo imaging of terminally differentiated cells such 
as dendritic cells and macrophages, while it does not allow 
long- term monitoring of cell viability and proliferation in the 
body. This is because the label is lost as a result of cell death 
or the marker decay, and also because the label is diluted 
at each mitotic event. Third, this strategy has the possibility 
of affecting motility, viability, functionality, proliferation and 
differentiation potential of labeled cells depending on the 
specific feature of label such as generating oxidative stress, 
radiation damage, and photodynamic damage. 

For optical imaging, quantum dots (QDs) and fluorescent 
molecules have been developed to monitor immune cell dis- 
tribution. By conjugating a specific optical probe designed for 
ex vivo labeling, it is possible to study immune cell tracking 
in vivo. These probes can easily label cells by entering the 
cytoplasm or by binding to the membrane. For visualization 
with nuclear imaging (PET/SPECT), 18 F-fluorodeoxyglucose 
(FDG) and Cu-pyruvaldehyde-bis (N4- methylthiosemicarba- 
zone) (PTSM) for PET, >;n Tc-hexamefhyl propylene amine ox- 
lme (HMPAO), In -oxine for SPECT have been extensively 
used to label cells ex vivo. Various MNPs have been pro- 
duced such as iron oxides nanoparticles (dark signal in T2- 
and T2 !t -weighted imaging), gadolinium chelates (bright signal 
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Figure 2. Ex vivo vs. In vivo labeling 
for immune cell tracking. 
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Figure 3. Direct vs. indirect cell 
labeling strategies. 



in Tl-weighted imaging) and manganese chelates (dark 
T2-weighted signal to bright Tl signal in lysosome) for mon- 
itoring the biodistribution of immune cells and their local- 
ization at the target organ. While phagocytic cells can easily 



internalize nanoparticles, non-phagocytic cells need positive 
charged carrier molecules, such as poly-L-lysine or protamine 
sulphate, to facilitate the nanoparticles engulfment. Table II 
shows the various direct imaging strategies for tracking im- 
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Table II. Immune cell tracking 



Labeling Imaging Labels Models Type of visualization Purpose 

strategy modality 



Indirect FLI 


Fluorescent protein (reporter) 


Mouse 


Intravital microscope 


Biodistribution, tumour infiltration, 










cell-cell interactions 


BLI 


Luciferase (reporter) 


Mouse 


Whole- body 


Biodistribution 


PET 


HSV-TK, NET (reporter) 


Mouse 


Whole-body 


Biodistribution, therapeutic 










efficacy, activation, proliferation 


SPECT 


NIS, NET (reporter) 


Mouse 


Whole-body 


Biodistribution, homing 


MRI 


TfR, FR (reporter) 


Mouse 


Whole-body 


Biodistribution, homing, tumor 










infiltration 


Direct FLI 


QDs 


Mouse 


Whole-body 


Homing 




Fluorescent probe 


Mouse 


Intravital microscope 


Migration, cell-cell interactions, 










infiltration, homing 


MRI 


SPIO, USPIO, CLIO, MION, PFPE 


Human/Mouse 


Whole- body 


Homing, cell therapy efficacy, 










homing 


SPECT 


" 1 ln-Oxine, 99m Tc-HMPAO 


Human/Mouse 


Whole-body 


Homing, cell therapy efficacy 


PET 


18 F-FDG, ^Cu-PTSM 


Human/Mouse 


Whole-body 


Homing 



HSV-TK, herpes simplex virus thymidine kinase; NIS, sodium iodide symporter; NET, norepinephrine transporter; TfR, transferrin 
recepter; FR, ferritin receptor; QDs, quantum dots; SPIO, superparamagnetic iron oxide; USPIO, ultra-small superparamagnetic iron 
oxide; CLIO, cross-linked iron oxide; MION, monocrystalline iron oxide; PFPE, perfluoropolyether; 99m Tc-hexamethyl propylene amine 
oxime (HMPAO), 111 ln-oxine, 18 F-fluorodeoxyglucose (FDG) and 64 Cu-pyruvaldehyde-bis (N4-methylthiosemicarbazone) (PTSM). 



mune cells. 

On the other hand, indirect labeling requires genetic ma- 
nipulation of cells by ex vivo transduction with a vector carry- 
ing a reporter gene such as fluorescence protein (GFP, RFP), 
luciferase, Sodium Iodide Symporter (NIS), transferrin re- 
ceptor, etc. The reporter protein expression generates signals 
to track the viable cells in vivo. Various fluorescence reporter 
genes emitting at different wavelengths also have been devel- 
oped, but only some of them can be used for in vivo imaging 
because of their low photon emission and tissue absorption 
(4). Recently, near-infrared (NIR) fluorescence reporters have 
been developed for in vivo application to overcome the lim- 
ited spatial resolution and low tissue penetration. Luciferase 
genes, including several enzymes whose expression can be 
revealed by in vivo BLI, have been used to immune cells in 
order to monitor their activity (20-22). 

A constitutive promoter provides the information of hom- 
ing and localization of living cells in the target organ. De- 
pending on the tissue specific promoter or the specific regu- 
latory element used to create the construct, this strategy can 
be used to study a specific cellular process such as activation 
or differentiation of the labeled cells. The beauty of indirect 
labeling is that the reporter gene is passed on to the next 
generations without signal dilution (Fig. 3), making it possible 



to track the fate of a given cell population for a long term 
study. However, the insertion of the exogenous reporter gene 
requires genetic modification of the cells and thus this strat- 
egy is restricted in preclinical research. 

Despite the pros and cons of direct/indirect cell labeling 
strategies, each strategy has its advantages to tracking im- 
mune cells. Direct cell labeling strategies are fast and easy 
for monitoring the short term fate of cells, while indirect la- 
beling allows a long term evaluation of cells. Direct labeling 
using clinically approved molecules such as radionuclides and 
MNPs can be applied to translational research in a short peri- 
od of time. Clearly, with all the issues related to genetic mod- 
ification including insertion mutagenesis and changing repli- 
cation/proliferation rate, indirect labeling strategies may not 
be used for human application. However, by use of reporter 
transgenic mouse (23), it is possible to gain a better under- 
standing of immune cell movement escape from the dis- 
advantage of indirect labeling at the preclinical level. 

IMAGING IMMUNOTHERAPY AGAINST TUMOR 
CELLS: EXAMPLES 

Since the maturation state, route of administration, migration 
ability and homing to the target site can influence the ther- 
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apeutic efficacy of immunotherapy, cell labeling strategies 
have been developed for monitoring the fate of injected im- 
mune cells in space and time. Protocols have been developed 
based on the use of different cell populations, mainly den- 
dritic cells (DCs), T lymphocytes and macrophages. For tu- 
mor immunotherapy, DCs need to reach the lymph node in 
order to evoke a consistent cyto-toxic immune response. For 
this reason, most of imaging studies focus on biodistribution 
and dynamic in vivo monitoring of lymph node migration of 
DCs to evaluate the therapeutic efficacy. m In-Oxine and 
99m Tc- conjugated radionuclide compound have been used for 
nuclear imaging. ;>n Tc-HMPAO was not a good compound 
for DC homing visualization. Mixture of m In-Oxine labeled 
DCs and SPIO-labeled DCs revealed higher number of lymph 
nodes by SPECT and MRI (24). 

T-cell mediated treatments are primarily evaluated by in- 
filtration of immune cells into tumor and their differentiation 
into effector, helper, memory, and cytotoxic cells. Because 
T lymphocytes are a proliferating population, direct labeling 
is not the first choice. In order to prevent signal dilution by 
clonal expansion, T cells are usually labeled in an indirect 
method. T cell biodistribution was easily monitored through 
BLI/PET by engineering luciferase/HSVl-TK-containg con- 
struct (25). T cells specific for human prostate specific mem- 
brane antigen (hPSMA) or human carcinoembryonic antigen 
(hCEA) were administrated into murine lung tumor model of 
prostate cancer, and imaged PET with 2'- 18 F-fluoro-2'-de- 
oxy-l-beta-d-arabinofuranosyl-5'-ethyluracil ( 18 F-FEAU). PET 
signal was observed only in hPSMA-specific T cell injected 
mouse not in hCEA-specific T cell injected mouse. 

Macrophage plays pivotal roles in the development of im- 
mune response against pathogens and tumors. Recently, 
imaging tumor associated macrophages (TAMs) provide vi- 
sualized location in the myeloid-rich region of the tumor stro- 
ma by using fluorescent molecular tomography (FMT) and 
MRI (26). AMTA680 which is constituted by SPIO labeled with 
fluorescent dye was used for multimodal imaging of macro- 
phages. By T2- weighted MRI imaging due to the core iron 
and 3D reconstruction of FMT, both magnetic and fluore- 
scence signals were successfully detected. 

CONCLUSIONS 

Here, we described both direct and indirect immune cell la- 
beling strategies. Direct labeling is more clinically applicable, 
but restricted in the visualization of terminally differentiated, 



non-proliferating cells. In this case, the stability of labeling 
and the physical half-life of probe are more important than 
the survival of cells. On the other hand, indirect labeling does 
not lose the imaging marker with proliferation and marker 
expression is closely related to cell viability and function. This 
provides possible tools of monitoring long-term cell survival, 
proliferation and activation. However, random insertion of 
the reporter cassette and elevated level of the reporter ex- 
pression could induce cell behavior by genetic perturbation. 
As well as the labeling procedure, technical features of imag- 
ing device should be considered for in vivo non invasive 
whole body imaging. Optical approaches are easy to use, rel- 
atively inexpensive, and highly sensitive, but limited in small 
animal imaging to this day. Nuclear imaging such as PET or 
SPECT has problems with the use of radionuclides but higher 
sensitivity, easier quantification and clinical application can be 
offered. Since MRI generates higher morphological resolution, 
PET/MR or SPECT/MR can be expected for generating better 
spatio-temporal resolution, sensitivity, and accuracy in non in- 
vasive immune cell imaging. 
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